ABSTRACT: Extensive research work has thrown light on the requisites for a protective rust layer to form on weathering steels (WS) in the atmosphere, one of the most important being the existence of wet/dry cycling. However, the abundant literature on WS behaviour in different atmospheres can sometimes be confusing and lacks clear criteria regarding certain aspects that are addressed in the present paper: What corrosion models best fit the obtained data? How long does it take for the rust layer to stabilize?
behaviour of metallic materials even after long exposure times, and its accuracy and reliability have been demonstrated by a great number of authors [4] [5] [6] [7] .
Legault et al. [5, 8] noted that atmospheric corrosion of WS in industrial and marine environments may be described by the expression: C =At n (1) or its logarithmic transformation:
where C is the corrosion after time t, and A and n are constants.
Pourbaix [6] also stated that the bilogarithmic law is valid for different types of atmospheres and for a number of materials, and is helpful in extrapolating results of corrosion up to 20-30 years from four-years test results.
The n value can provide a criterion for gauging long term atmospheric corrosion susceptibility. It gives a measure of the resistance to transport processes within the corrosion product oxide once it has formed [8] . When n is close to 0.5, it can result from an ideal diffusion-controlled mechanism when all the corrosion products remain on the metal surface. This situation seems to occur in slightly polluted inland atmospheres. On the other hand, n values of more than 0.5 arise due to acceleration of the diffusion process (e.g. as a result of rust detachment by erosion, dissolution, flaking, cracking, etc.). This situation is typical of marine atmospheres, even those with low chloride contents. Conversely, n values of less than 0.5 result from a decrease in the diffusion coefficient with time through recrystallisation, agglomeration, compaction, etc. of the rust layer [9] .
In the special case when n = 1, the mean corrosion rate for one-year exposure is equal to A, the intersection of the line on the bilogarithmic plot with the abscissa t =1 year.
There is no physical sense in n > 1 as n = 1 is the limit for unimpeded diffusion (high permeable corrosion products or no layer at all). Values of n > 1 occur practically as exceptions, due, for instance, to outliers in the mass loss determinations. As a rule, n < 1. Therefore, n could be used as an indicator for the physico-chemical behaviour of the corrosion layer and hence for its interactions with the atmospheric environment. The value of n would thus depend both on the metal concerned, the local atmosphere, maximum exposure time and the exposure conditions.
On the other hand, the parameter A provides a criterion for gauging short term atmospheric corrosion susceptibility. It provides a measure of the inherent reactivity of a metal surface as reflected in the tendency for that surface to produce a corrosion product layer in a short term atmospheric exposure [8] .
McCuen et al. [10] proposed to improve the power model setting numerically A and n coefficients with the nonlinear least-squares method directly to the actual values of the variables C and t, not the logarithms of the variables, since the logarithmic transformation give too much weight to the penetration data for shorter exposure. This eliminates the overall bias, and more accurately predicts penetration for longer exposure times. In spite of that, recent studies on the long-term atmospheric corrosion of WS continue to use the power function because of its simplicity [6, 15, 16] , although ignoring the linear part will introduce considerable error in thickness estimates for long exposure times.
RUST LAYER STABILISATION TIME
Information on this aspect is highly erratic and variable, going from claims that a protective patina can be seen to be forming after as little as 6 weeks exposure in environments with low pollution to reports of stabilisation times of "a few years" , one year , 2-3 years , 8 years, etc.
The time taken to reach a steady state of atmospheric corrosion will obviously depend on the environmental conditions of the atmosphere where the steel is exposed, and to address this issue it is important to have abundant information on the effect of climatic and atmospheric pollution variables on WS corrosion resistance. However, the fact is that unfortunately there is no solid grounding (supported by ample experimentation) upon which to base relationships between atmospheric exposure and WS corrosion variables.
Despite the scarcity of information, a review has been made of published field data on the atmospheric corrosion of WS in different atmospheres, especially for long exposure times. Table 2 offers a compendium of data encountered in the literature which may be useful in this respect. One factor of uncertainty is that atmospheres are mostly classified in purely qualitative terms (rural, urban, industrial, or marine), based on a subjective appreciation of pollution factors and omitting the humidity variable. On the other hand, although there is a large amount of data on behaviour in the first years of exposure, there is an ostensible lack of information on exposure times of more than 20 years.
The plotting of corrosion versus exposure time has allowed to estimate the time necessary for stabilisation (steady state) of the rust layer, which would indicate the time necessary for the formation of protective layers (column 6). Indeed, a look at Table 2 allows observing that after very short exposure times (3-5 years) stabilised (protective) rust layers are commonly formed in rural and urban atmospheres. Longer exposure times (5-10 years) are usually required in industrial atmospheres. With regard to marine atmospheres, although little information is available, corrosion rates are seen to be higher and the time taken to reach the steady state, if it is reached, tends to be longer, in excess of 15 years. In relation to the influence of the type of atmosphere in the corrosion of weathering steel, as in the case of carbon steel, it can clearly be seen how WS corrosion rises going from a practically pollution-free rural atmosphere (C2) to an urban atmosphere (C2-C3)
and from there to industrial and marine atmospheres (C3-C4).
Particular mention should be made of the effect of atmospheric SO 2 pollution on WS corrosion, where the existing literature is rather confusing, from those who say that WS is less sensitive to SO 2 than carbon steel, especially for long exposure time, to those others who believe that "weathering steels need access to SO 2 or sulphate-containing aerosols to improve their corrosion resistance" [17] , or "it is generally accepted that a low but finite concentration of SO 2 in the atmosphere can actually assist the formation of a protective layer on WS". In the first case, Satake and Morosishi [18] 4 ]. These compounds can precipitate in pores of the rust layer, thereby improving the barrier effect of the patina [17] .
Studies into the effect of SO 2 pollution in the atmosphere on WS corrosion are very scarce. Perhaps the most important information in this respect is that obtained in a 8-year study performed at numerous locations within the framework of the UNECE International Cooperative Programme on effects on materials, including Historic and Cultural monuments [19] . Figure 1 plots the WS corrosion rate after 8 years of exposure versus the SO 2 concentration in the atmosphere, and a clear effect of SO 2 in the atmospheric corrosion of WS is observed. According to Leygraf, it seems that a certain amount of deposited SO 2 is beneficial. However, large amounts result in intense acidification of the aqueous layer, triggering dissolution and hindering precipitation [17] .
With regard to marine atmospheres, although little information is available (see Table 2 ), corrosion rates are seen to be higher and the time taken to reach the steady state, if it is reached, tends to be longer, in excess of 15 years as it was mentioned previously. The action of chloride ions in this type of atmosphere seems to hinder the formation of protective rust layers, thus impeding the use of conventional WS.
Another aspect about which bibliographic information is highly variable is the relationship between mild steel corrosion rate and WS corrosion rate for different exposure times and atmosphere types. It is common to find general statements in the literature such as: "WS has to 4, 5 to 8, 10, etc., times more corrosion resistance than carbon steel", or "in comparison to carbon steels, WS may have corrosion rates of more than one order of magnitude less, depending on the environmental conditions". That relationship obviously depends again on the environmental conditions where both materials are exposed and the time of exposure. For this reason, the last column in Table 2 shows the relationship R between carbon steel (CS) corrosion and conventional WS corrosion for the longest exposure time in each of the atmospheres for which information is available in the reviewed literature. The average values yield relationships of 2.3 (rural-urban atmospheres), 2.9 (industrial atmospheres) and 3.2 (marine atmosphere). The lack of precision is great, and a certain tendency is seen for the value of this relationship to rise with time, which means that the beneficial effects of WS are increasing. It is also noted that the reduction in WS corrosion seems to be greater in the most aggressive atmospheres (industrial or marine).
MORPHOLOGY OF THE PROTECTIVE RUST LAYER
The formation of the protective rust layer on weathering steels is not yet completely understood. In the late 1960's researchers suggested that the stratification of rust layers was an intrinsic property of protective rusts formed on WS. The work of Okada et al.
[20] is perhaps the most commonly cited in this respect, where the authors show that unlike carbon steel, upon which only one stratum of rust is formed, on WS two strata of rust may be observed after a certain exposure time, consisting of an internal layer with protective characteristics and an unprotective outer layer. Similarly, Graedel [17] and Zhang et al. [9] state that the structure of rust on WS is different from that on iron or carbon steels. It is characterised by a double-layer structure, with the inner phase providing a greater barrier to oxygen and water than the outer phase. The outer phase is flaky and poorly adherent, whereas the inner phase adheres well.
Microscopic observation performed by Yamashita et al. [21] and Okada et al. [20] , found that the rust layer can be divided into two layers: one corresponds to the outer layer which is optically active, and the other is the inner layer which is optically isotropic (darkened). On the other hand, the surface rust formed on the mild steel consists of the mottled structure consisting of the optically active and isotropic corrosion products. The optically isotropic layer was mainly composed of amorphous spinel-type iron oxide and the optically active layer was γ-FeOOH. Raman et al. [22] and Suzuki et al. Dillmann et al.
[24] studied in detail that the major phases of the rust layers are magnetite, goethite and lepidocrocite. Lepidocrocite seems to be more present in the outer layer and goethite seems to be the major constituent of the inner layer.
Furthermore, Okada et al. [9] pointed out that the inner rust layer is enriched in some kind of alloying elements just like Cr, Cu, and other elements, whereas the outer layer is distributed with cracks and pores, could not inhibit the entrance of the corrosive electrolyte.
Now it is generally agreed that both CS and WS form rusts that tend to stratify with exposure time [25] . Both common carbon steels and WS present a rust layer that is in turn composed of two sublayers, a reddish outer layer and a dark grey inner layer (polarised light). This stratification is independent of the degree of protection afforded by the rust. The composition and morphology of the protective patina formed on WS is very different to the coating formed on carbon steel. The difference between the rust layers formed on carbon steel and on WS is that the α-phase (goethite phase) on the latter forms a densely packed and uniform layer of nanometre-sized particles, which are closely attached to the underlying steel substrate. On carbon steel, however, the distribution of phases is more heterogeneous, resulting in a rust layer with a mottled structure. The corrosion protection ability of WS is mainly attributed to this dense α-phase whose formation is stimulated by dry-wet-dry cycling [3] .
According to Yamashita and Uchida [26] , the protective rust layer on WS is usually formed spontaneously after a certain number of years of exposure. Until the protective ability of the rust layer emerges, the WS corrosion rate is not especially low. 
ALLOWABLE CORROSION RATE FOR UNPAINTED WEATHERING STEEL
In 1960 Larrabee and Coburn [27] suggested that an average WS corrosion loss of 2-3 mils (25-75 µm) in 15 years in a given atmosphere (i.e. 1.7-5 µm/y) would be sufficiently low for this steel to be used in the atmosphere without being painted.
In Japan, conventional WS specified as Japan Industrial Standard G 3114 SMA (JIS-SMA Weathering Steel), which is almost the same as that first commercialised by US Steel Corporation in the 1930s, can be used for bridges in environments where less than 0.3 mm corrosion loss per side is expected in 50 years of exposure, i.e. 6 µm/y [28] . It is important to note that 50 years does not mean bridge lifetime, and that 0.3 mm of corrosion loss does not define the criteria of structural stability. These values are used to define the corrosivity of the atmosphere, and in general steel structures can be said to be sufficiently durable to accommodate a great deal of corrosion before any risk of collapse. Conventional WS is currently considered in Japan to be appropriate for bridges in environments where corrosion loss on one side of a girder is less than 0.5 mm in 100 years of exposure, i.e. 5 µm/y [29] .
In USA, according to Cook [30] , the acceptable corrosion rate for weathering steel in medium corrosivity locations is 120 µm maximum for 20 years of exposure, i.e. 6 µm/y again. Due to the development of rust patina during the lifetime of a structure that incorporates unpainted WS, a corrosion allowance should be made on each exposed surface, representing a loss of thickness of the material used for structural purposes [31] :
• For atmospheric conditions defined by ISO 9223 [12] as class C1, C2 or C3
("mild" environments for WS) the corrosion allowance should be 1 mm per surface, while for class C4 on C5 ("Severe" environments for WS) the corrosion allowance shall be 1.5 mm per surface.
• For the "interior" surface of box-sections the allowance shall be 0.5 mm.
Following the same criterion as Japan and USA for the use of unpainted WS allowing a maximum atmospheric corrosion rate for steel of 6 μm/y in long-term exposures, the seventh column in Table 2 presents information on this aspect. According to the information contained in Table 2 , conventional WS may be used in rural and urban areas without excessive SO 2 pollution where the WS corrosion rate at the end of the exposure period is usually less than 6 μm/y, however, it should not be used in industrial or marine atmospheres because long term WS corrosion rate has higher values, usually in excess of 6 μm/y. It should nevertheless be noted that the available information corresponds to relatively short exposure times in which, as has been commented above, WS still presents high corrosion rates and where protective rust layers have not perhaps yet had time to form. 
GUIDELINE LEVELS FOR ENVIRONMENTAL PARAMETERS (TOW,
SO
United Kingdom
The United Kingdom Department of Transport Standard BD 7 [31] , "Use of WS for highway structures", suggested in 1981 that uncoated WS should not be used when:
1. The chloride level exceeds 0.1 mg/(dm 2 d) or 10 mg/(m 2 d).
2. The yearly average time of wetness exceeds 60%. It shows that the wet candle method is more sensitive to the presence of NaCl, capturing greater amount of aerosol that the gauze method for NaCl levels higher than 0.05 mg/(dm 2 d).
Unlike the effect of atmospheric salinity on WS corrosion, for which valuable information was obtained in 12-year exposure tests carried out to classify the severity of environments in Japan (Figure 3 ), no similar study concerning the effect of atmospheric SO 2 has been found in the literature. Nevertheless, the graph in Figure 1 draws on interesting results obtained by UNECE [19] for the case of weathering steel exposed for 
CONCLUSIONS
From the bibliographic review performed the following conclusions may be drawn:
• Although the power function (C= At n ) seems to provide a good fit of the evolution of atmospheric corrosion of weathering steels with exposure time, the power-linear model provides better predictions for long-term exposure times.
• The time taken for the rust layer to stabilise obviously depends on the environmental conditions of exposure: 3-5 years for rural or urban atmospheres; • With regard to the morphology of the rust layers formed in the atmosphere, two sublayers are formed on both carbon steel and WS, the innermost being responsible for the protective properties of the rust in the case of WS.
• There seems to be general agreement on the allowable corrosion rate (6 µm/y) for the use of unpainted WS in the atmosphere.
• There is a lack of unified criteria on guideline environmental Figure 2 . Dual-nature of the rust layer. Carbon steel r lin ≤ 0.1 0.1 < r lin ≤ 1.5 1.5 < r lin ≤ 6 6 < r lin ≤ 20 20 < r lin ≤ 90
Weathering steel r lin ≤ 0.1 0.1 < r lin ≤ 1 1 < r lin ≤ 5 5 < r lin ≤ 10 10 < r lin ≤ 80 Table 2 Compendium of bibliographic information on evolution of atmospheric corrosion of conventional WS with time of exposure. 
